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 ARTICLE
Atomic-resolution imaging of surface and core
melting in individual size-selected Au nanoclusters
on carbon
D.M. Foster1, Th. Pavloudis2, J. Kioseoglou 3 & R.E. Palmer 2
Although the changes in melting behaviour on the nanoscale have long attracted the interest
of researchers, the mechanism by which nanoparticles melt remains an open problem. We
report the direct observation, at atomic resolution, of surface melting in individual size-
selected Au clusters (2–5 nm diameter) supported on carbon ﬁlms, using an in situ heating
stage in the aberration corrected scanning transmission electron microscope. At elevated
temperatures the Au nanoparticles are found to form a solid core-liquid shell structure. The
cluster surface melting temperatures, show evidence of size-dependent melting point sup-
pression. The cluster core melting temperatures are signiﬁcantly greater than predicted by
existing models of free clusters. To explore the effect of the interaction between the clusters
and the carbon substrate, we employ a very large-scale ab initio simulation approach to
investigate the inﬂuence of the support. Theoretical results for surface and core melting
points are in good agreement with experiment.
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The behaviour of nanoparticles at elevated temperatures isinteresting from a fundamental perspective (thermo-dynamics on the nanoscale) and is also relevant to func-
tionalities such as catalysis. Speciﬁcally, it is now well-known that
gold nanoparticles exhibit catalytic activity1. Understanding their
morphology and atomic structure under relevant reaction con-
ditions, such as high temperatures, may ultimately prove useful in
the design of catalyst materials. The suppression of the melting
point at the nanoscale2 is a longstanding issue. First predicted by
Pawlow in 19083 and detected experimentally by Takagi in 1954
via shape changes in the diffraction rings of a nanoparticle
ensemble4, a 1=r dependence of melting temperature at the
nanoscale seems to hold true for all except few materials5,6. Early
experimental observations of melting point suppression in sup-
ported Au nanoparticles were reported in the seminal electron
diffraction study by Buffat and Borel7, as well as in a transmission
electron microscope (TEM) evaporation rate investigation by
Sambles8. Subsequently, there have been several experimental
studies of the high temperature behaviour of gold nanoparticles.
However, at present there is only very limited single particle time-
resolved data on melting, obtained by evaporation at ﬁxed tem-
perature9, with no data below 5 nm—the catalytic size regime10.
In addition, because previously reported experimental studies of
Au nanoparticle melting do not track individual particles in real
space as the temperature is increased (instead they use static
temperature evaporation or ensemble diffraction methods), the
exact mechanism by which melting occurs remains unresolved,
such as whether a surface liquid layer is formed.
There are several theoretical models for melting point sup-
pression at the nanoscale. Pawlow’s theory is a thermodynamic
model based on the triple point equilibrium of spherical solid and
liquid particles of the same material and equal mass surrounded
by their vapour. The liquid shell model, liquid nucleation and
growth model, numerous molecular dynamics (MD) studies of
Au11–15 and other metal16–18 nanoparticles predict the formation
of a liquid shell as a mechanism for nanoparticle melting. The
liquid shell model, ﬁrst suggested by Reiss and Wilson19 and
developed by others20,21, including Sambles8, is a thermodynamic
model that assumes a solid core surrounded by a liquid shell of
constant thickness in the proximity of the melting temperature.
The liquid nucleation and growth model, proposed by Couchman
and Jesser22, is based on nucleation theory and describes melting
as the nucleation of a liquid shell on the surface of the nano-
particle which then spreads into the core until a critical radius is
reached and the whole particle melts. Thus, the model predicts a
melting region in which there is solid–liquid coexistence. There
has been no experimental observation of the existence of a liquid
shell prior to melting for Au nanoparticles. Young et al.23
reported surface roughening (amorphous regions) in 10.2 nm
diameter Au particles at 600 °C, however, a liquid shell was not
observed. Such a solid core, liquid shell structure and thus
solid–liquid coexistence have been reported in electron micro-
scopy investigations of embedded lead24, and polymer-capped
platinum particles25, but without atomic resolution, and most
recently for large gallium nanoparticles at ﬁxed (room)
temperature26.
Here we observe the behaviour of individual, supported, size-
selected Au nanoclusters (≤5 nm) in real space with atomic
resolution as their temperature is increased from 20 °C up to
1000 °C. We employ an in situ heating stage in the aberration-
corrected scanning transmission electron microscope (ac-STEM).
Single particle measurements of the surface melting temperature
on amorphous carbon supports are made by a unique method in
which shape changes of the nanoparticles are observed as the
temperature is ramped. The results show an approximately 1=r
dependence on the surface melting temperature, in agreement
with Pawlow’s triple point model and the liquid nucleation and
growth model. However, the cluster core-melting temperature is
much higher than predicted by the models of melting point
suppression. The ac-STEM images further reveal the formation of
a quasi-liquid shell that persists over a range of temperatures.
Large-scale ab initio MD simulations of cuboctahedral 561-atom
nanoclusters at temperatures in the experimental range address
the previously neglected effect of the support on the melting of
the nanoparticles. The theoretical results support the experi-
mental observations of solid core-liquid shell coexistence and
agree with the measured surface and core-melting points if the
surface is understood to constrain the facet bound to it.
Results
Experimental. Figure 1a shows a Au561 particle that is heated
incrementally from 550 to 857 °C. The frames shown in the ﬁgure
are taken from a series of 22 high-angle annular dark-ﬁeld
(HAADF) STEM images of this particle. The shape of the particle
is ﬁrst changed at 657 °C, where there is a protrusion from the
cluster surface, which we take to be indicative of surface melting.
For this particle the surface melting temperature is recorded as
654 ± 4 °C. Similarly, Fig. 1b shows a Au2530 particle formed by
aggregation heated from 556 to 1000 °C. In this case the change in
556 °C 657 °C 749 °C 801 °C 850 °C 1000 °C
550 °C 2 nm
2 nm 2 nm 2 nm 2 nm 2 nm 2 nm
2 nm 2 nm 2 nm 2 nm 2 nm600 °C 650 °C 657 °C 749 °C 857 °C
a
b
Fig. 1 Shape changes in Au nanoclusters at high temperatures. HAADF STEM images of a an individual Au561 particle at high temperature (550–857 °C)
and b an individual Au2530 particle (556–1000 °C)
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10713-z
2 NATURE COMMUNICATIONS |         (2019) 10:2583 | https://doi.org/10.1038/s41467-019-10713-z | www.nature.com/naturecommunications
shape ﬁrst appears at 801 °C, and the surface melting temperature
is recorded as 800 ± 1 °C (i.e. between images recorded at 799 and
801 °C). The errors stated here do not include the potential sys-
tematic error of <5% arising from the heating chip calibration.
There are at least two ways in which the melting temperature
of a nanoparticle could be measured using in situ heating in the
STEM. The ﬁrst, as employed conventionally, would be to use the
loss of atomic structure in the images as an indication of melting9.
The second, proposed here, is to use changes in shape—a method
that arises directly from the quality of data collected here
(although shape changes have been previously used to describe
melting in ﬁeld emission microscopy experiments27). In our study
the criterion of loss of atomic structure is not suitable due to the
time resolution of the experiments (each image taking 5.4 s to
record). The phenomenon of quasi-melting below the melting
point, where the particle structure rapidly ﬂuctuates, has been
reported in both experimental and theoretical studies28,29. If this
were to occur, the rapidly ﬂuctuating particle would likely appear
amorphous in the recorded STEM image and could be
misinterpreted as melted. The shape change method attributes
changes in shape in the projected images to diffusion of atoms in
the molten surface layers. MD simulations of cluster surface
melting show that diffusion of atoms results in the formation of
anisotropic cluster shapes11,13,15, such as those seen in our
experimental STEM images. The association between shape
changes and peripheral melting in these papers is notable, and
consistent with our interpretation of our observations. At still
more elevated temperatures more dramatic shape changes are
sometimes found.
Figure 2 shows the results of our single particle analysis of the
surface melting temperature of the Au clusters as a function of
the reciprocal radius. A clear inverse correlation is seen. Where
possible, cluster core (i.e., complete) melting temperatures are
also shown, measured by observing the loss of core atomic
structure. The scatter points are measurements of size-selected
Au309 and Au561 particles and aggregated Au1110, Au2530, and
Au3390 particles. The error on the surface melting temperature
includes both the error arising from the temperature window and
the 5% heating chip calibration error, as described in the Methods
section. The particle radius was calculated by making four
separate measurements of the average particle diameter, then
taking the mean value; the error is given by the maximum and
minimum of these values, shown by error bars in the ﬁgure.
Also shown in Fig. 2 are Pawlow’s triple point model3, the
liquid shell model8 and the liquid nucleation and growth (LNG)
model22 are also plotted for comparison (for details see
Supplementary Methods and Supplementary Fig. 1). For the
liquid shell model, the smallest possible shell thickness of 2.7 Å
(the atomic diameter) is used. Pawlow’s model is for complete
(i.e. including core) particle melting; thus, it is reasonable to
assume that our surface melting measurements should fall below
those predicted by this model. This is true for all but one particle
(Au1110). However, the experimental core-melting temperatures
are much higher than predicted. The liquid shell model predicts
signiﬁcantly lower whole particle melting temperatures than
Pawlow across our size range, even more so for small particles.
The melting temperatures predicted are much lower than the
observed core and even the observed surface melting tempera-
tures. Moreover, additional ac-STEM images (see below) show a
liquid shell thickness which varies between particles and is
generally greater than the value of 1 atomic layer embedded in the
theory curve. Increasing the shell thickness in the liquid shell
model ampliﬁes the melting point suppression for small particles
sizes, which is not mirrored by the experimental data. Indeed, the
data are well ﬁtted by a straight line (Tm ¼ 904=r þ 1518, R2=
0.9). The liquid nucleation and growth model predicts a melting
region; the lower boundary is the onset of surface melting and the
upper boundary is the point by which the complete particle melts.
Within this region solid and liquid phases coexist. Again, our
surface and core-melting temperature measurements are higher
than those predicted, but this LNG model is in the best qualitative
agreement with our data. It captures the experimental result that
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Fig. 2 Experimental, single particle measurements of melting point suppression in Au nanoparticles. Scatter points represent the experimental data: circles show
surface melting temperatures and squares show core-melting temperatures. The cluster sizes (number of atoms) are indicated on the plot and the
corresponding core and surface melting temperatures have the same colour. The solid green line is Pawlow’s model from ref. 49, the solid red line is the liquid
shell model from ref. 8 and the blue region is the liquid nucleation and growth model melting sector from refs. 22, 50. The error bars on the melting temperatures
are systematic errors arising from the temperature window, the temperature stability of the MEMS heating chip and the 5% heating chip calibration error
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surface melting precedes core melting, so there is a solid–liquid
coexistence which occurs over a range of temperatures. The size
of our solid–liquid coexistence region is in very good agreement
with the coexistence region predicted by the LNG model,
deviating by ~20 °C. The different melting temperatures observed
for the different 561-atom nanoclusters is a noteworthy result of
our paper. The differences between the core-melting temperatures
in Fig. 2 could be due to speciﬁc structural characteristics of each
examined nanoparticle, whether intrinsic (e.g. we sometimes
observe twin structures as shown by the power spectrum fast
Fourier transform (FFT) image in Supplementary Fig. 2, and also
observable by eye) or extrinsic (such as different orientations of
the cluster on the support).
To check the surface melting temperatures obtained from the
observed onset of the cluster shape changes, we developed a
numerical approach, based on tracking the curvature along the
perimeter of the nanoclusters. This is described in detail in the
Supplementary Methods and shown in Supplementary Fig. 3 for a
561- and a 1110-atom nanocluster. This approach is in good
agreement with the observations by eye, yielding results which are
either identical or deviate by only a small margin. The results of
the two methods for the 561-, 1110-, 2530- and 3390-atom
nanoclusters are shown in Table 1. The average of the melting
temperature for the 561-atom nanoclusters obtained by observa-
tion is 619 °C, while the average by the numerical method is
603 °C, a difference of only 16 °C.
Furthermore, the coexistence of an amorphous melted surface
with a solid crystalline core can be veriﬁed by power spectrum
FFT images of multiple areas of each nanoparticle. In Fig. 3,
experimental images of a nanoparticle at 600 and 657 °C are
shown with the power spectra obtained from the marked regions.
The additional spots in Fig. 3a power spectra indicate a degree of
crystallinity in the shell. In Fig. 3b, it is obvious that the central
part of the nanoparticle is still crystalline, while the surface areas
are not (lack of peripheral spots).
Figure 4 shows two series of HAADF STEM images, which
further demonstrate the formation of a quasi-liquid non-uniform
layer at the cluster surface and the coexistence of solid and liquid
phases at high temperatures. Figure 4a, for a Au561 particle above
its surface melting point, exhibits a surface protrusion at 650 °C
indicating the surface is molten. At 800 °C, a complete liquid
shell-solid core structure is visible. Figure 4b shows a cuboctahe-
dral Au1110 particle which is solid at 704 °C and exhibits dramatic
shape change at 801 °C. Again, we see a solid core-uneven liquid
shell structure. The corresponding proﬁle plots in Fig. 4c, d
indicate the fact in atom density at the edge of the solid core. In
both clusters the core atomic structure persists after surface
melting. The larger Au1110 particle shows some face-centred cubic
(fcc) structure in the shell too. We found no evidence of a rapidly
ﬂuctuating quasi-molten state23,28–30 nor an icosahedral or
icosahedral solid–liquid coexistence state prior to melting12,31,32.
The degree of formation of the solid core-liquid shell structure
(as seen in Fig. 4) does vary from cluster to cluster, but in all cases
melting initiates at the surface. The notable delay between cluster
surface and cluster core melting is consistent with the liquid
nucleation and growth model, however, a comparison of our
experimentally measured critical core radii (Supplementary Fig. 1)
with the model show some signiﬁcant differences. Experimen-
tally, we obtain a notably lower limit on the critical core radius
and a much higher upper limit on the core-melting temperature
(see Fig. 2).
Theoretical. An intriguing issue raised by the mismatch between
the experimental and conventional models of nanoscale melting is
the inﬂuence of the substrate. In order to explore the effect of the
carbon support on the melting of the clusters, we adopt an ab
initio computational approach with two sets of density functional
theory molecular dynamics (DFT-MD) simulations: one where all
the atoms of the nanocluster are free to move and one where the
atoms of one (100) facet of the nanocluster are ﬁxed in place
during the simulations. We proceed to extract the degree of
crystallinity of the nanoclusters during the last steps of the
simulations. The results for all the investigated cases and analysis
algorithms applied are shown in Fig. 5. The calculations give a
sizable difference in the behaviour and melting temperatures for
the free nanocluster and the nanocluster with a frozen facet. The
two types of nanoclusters are almost identical at room tempera-
ture but display major differences at elevated temperatures. The
freezing of the facet, i.e. the simulated inﬂuence of the support, is
found to delay the melting of the nanocluster considerably.
We use the criterion that surface melting occurs when the
count of the atoms recognised as fcc and their 12 nearest
neighbours is <309, i.e. one atomic layer is melted. This critical
point is identiﬁed at a temperature of 500 °C for the free and
586 °C for the frozen-facet Au561 clusters, with the average of the
experimental measurements at 619 °C lying closer to the frozen-
facet case. The surface melting temperature difference between
the free and frozen-facet nanoclusters is 86 °C. If we proceed
further and check where the aforementioned count is lower than
147 atoms, we get temperatures of 680 and 822 °C for the free and
frozen-facet clusters, respectively. For cluster core melting we use
the criterion that the number of atoms that belong to an fcc
arrangement is lower than 13, which corresponds to the smallest
possible crystalline magic-number nanocluster. Using this thresh-
old, we observe cluster core melting at 807 and 951 °C for the free
and frozen-facet nanoclusters, respectively, a temperature differ-
ence of 144 °C. These results are in good agreement with the
average core-melting temperature for 561-atom nanoclusters
shown in Fig. 2, which is 878 °C, between the core-melting
temperatures of the free and frozen-facet nanoclusters.
We also note that a solid core is observed in the nanoclusters
after the melting process, located at the centre of the nanocluster
for the free nanoclusters, as shown in Fig. 6a. The core is of larger
size and displaced towards the frozen facet in the other
nanoclusters, as shown in Fig. 6b, revealing another effect of
the support on the melting process. The solid–liquid coexistence
interval is found to be 307 and 365 °C for the free and frozen-
facet cases, respectively, higher than the 259 °C found by the
experimental observations shown in Fig. 2. This is possibly due to
the lower surface melting temperatures obtained by the simula-
tions compared with the experiments.
Discussion
We have employed in situ heating experiments on sub-5 nm size-
selected Au nanoparticles supported on a-C in the aberration-
corrected STEM, demonstrating melting initiated at the cluster
Table 1 A comparison between the surface melting
temperatures obtained by the two methods
NP size
(atoms)
Surface melting
temperature by eye (°C)
Surface melting
temperature by numerical
method (°C)
561 578 578
561 625 653.5
561 653.5 578
1110 800 800
2530 800 825.5
3390 854 825.5
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10713-z
4 NATURE COMMUNICATIONS |         (2019) 10:2583 | https://doi.org/10.1038/s41467-019-10713-z | www.nature.com/naturecommunications
a b
Fig. 3 Power spectrum FFT images of various regions of a Au561 nanocluster. The nanocluster at a 600 °C and b 657 °C
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Fig. 4 The formation of a liquid shell in Au nanoclusters at high temperatures. a HAADF STEM images of an Au561 particle at high temperatures
(650–857 °C). b HAADF STEM images of an Au1110 particle at high temperatures (704–1000 °C). Amorphous regions at the edges of the particle are
highlighted by yellow arrows. c A line proﬁle plot of the HAADF intensity across the particle in (a) at 857 °C and d a line proﬁle plot of the HAADF intensity
across the particle in (b) at 1000 °C. Black arrows on the HAADF intensity plots illustrate amorphous regions. Yellow arrows on the inset HAADF images
indicate the direction and location of the line proﬁle
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surface as well as size-dependent melting point suppression. The
surface melting temperature of the nanoclusters was measured
using a method—the observation of nanoparticle shape changes
at high temperatures. We have observed single particle surface
melting in real space, identiﬁed the formation of a solid core-
liquid shell structure at elevated temperatures and proved the
coexistence of solid and liquid phases. The mechanism is broadly
consistent with the liquid nucleation and growth model, with
good agreement for the solid–liquid coexistence interval, but
notably higher surface and cluster core-melting temperatures.
The inﬂuence of the support is apparent from large-scale ab
initio simulations that mimic the effect of cluster adsorption by a
frozen-facet approach. Quantitative agreement between experi-
ment and theory is obtained when the surface is introduced in
this way. The theoretical results conﬁrm and illuminate our
interpretation of the experimental results. Speciﬁcally, the melting
point suppression and the coexistence of a melted shell and a
crystalline core at elevated temperatures are both conﬁrmed. The
introduction of the frozen-facet approximation to cluster
adsorption leads to core-melting temperatures for both the free
and frozen-facet clusters which are notably higher than the
standard models but in good agreement with the experimental
results. Moreover, we ﬁnd that the solid core in the coexistence
region is enlarged due to the effect of the support, and displaced
towards the surface. We therefore conclude that the main origin
of the deviations of the experimental work from the previous
models lies in the effect of the cluster-support interaction and is
well captured by the frozen-facet model. Since the Au particles
studied here lie in the catalytically active size regime, the obser-
vations also raise the question of whether the liquid surface affects
the catalytic activity at high temperatures.
Methods
Experimental. The size-selected Au nanoclusters were prepared using a magnetron
sputtering, gas aggregation cluster source33 with lateral time of ﬂight mass ﬁlter
(M/ΔM= 22)34. Clusters containing either 309 ± 7 or 561 ± 13 Au atoms were
deposited onto amorphous carbon membranes of the heating chips, using low
deposition energy (soft landing35) to preserve their original structures. STEM
imaging was performed using a 200 keV JEOL 2100F instrument with spherical
aberration corrector (CEOS). A HAADF detector, with inner collection angle of 62
mrad, as well as a bright ﬁeld detector were employed for imaging. Use of the
HAADF detector enabled any aggregate particles to be sized accurately by using the
size-selected clusters as ‘mass-standards’36. Imaging was performed at an
electron dose of 2:5 ´ 104 e  Å2  frame1 for the 309-atom nanoclusters and
4:8 ´ 104 e  Å2  frame1 for the 561-, 1110-, 2530- and 3390-atom nanoclusters.
For in situ heating a high temperature heating holder (DENS Solutions
Wildﬁre) was used in conjunction with MEMS-based heating chips. The chips
featured 5-nm-thick amorphous carbon membranes, on which the Au
nanoparticles were deposited. They were heated by applying a current to a metal
heater coil embedded in the chip. Heating experiments were performed by STEM
imaging of individual particles at incrementally increasing temperatures. The
surface melting temperature of the nanoparticles was determined by observing the
onset of shape changes (shape changes due to rotations of the particle were
excluded by comparison against simulation atlases37 showing particles at different
angles of orientation). When a shape change was observed, the surface melting
temperature for that particle was recorded as the average between the temperatures
of the last observed particle of the original-shape and that of the ﬁrst changed
shape. In order to check the assignments of the surface melting temperatures
obtained from visual inspection of the images, a numerical method was developed
to assess protrusions and dents on the nanoclusters. It tracks the curvature along
the perimeter of the nanoclusters. The method identiﬁes surface alterations which
show signiﬁcant deviation from quasi-spherical shape. The occurrence of such
deviations is associated with surface melting of the nanoclusters (further details on
the method are given in the Supplementary Methods).
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Fig. 5 Theoretical melting point suppression in cuboctahedral Au561
nanoclusters. Scatter points represent statistical averages for the number of
crystalline atoms obtained by the CNA (solid points) and modiﬁed CNA
algorithms (hollow points) as a function of temperature for two families of
simulations: nanoclusters all of whose atoms are free to move (squares),
and nanoclusters having atoms of one (100) facet ﬁxed in place during the
simulations (circles). The curves are sigmoidal ﬁts to the data. Horizontal
dotted lines denote the 309-, 147 and 13-atom limits
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Fig. 6 Cross-sections of Au561 nanoclusters at elevated temperatures. a A
free and b a frozen-facet nanocluster at 627 °C. Green spheres denote atoms
that are recognized as fcc, while grey spheres are atoms found to be non-
crystalline. The bottom layer in (b) is the frozen layer. At this temperature
the core is approximately double in size in (b) compared with (a) (85 atoms
and 43 atoms, respectively) and displaced towards the frozen facet
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The precision of the measured surface melting temperature is a function of the
temperature window in which the shape change occurs and the temperature
stability of the MEMS heating chip, which is essentially negligible in comparison
(<0.1 °C). Another source of error arises from the calibration of the heating chip;
there may be a systematic error—an offset of up to 5% on the stated temperature.
This systematic error effects the accuracy of all temperature measurements.
However, so long as measurements are made using the same heating chip the
general trend (melting temperature vs particle size) should not be affected.
Theoretical. The DFT-MD calculations were performed using the Vienna Ab
initio Simulation Package (VASP)38,39 under the local density approximation
(LDA)40 with projector-augmented wave (PAW) pseudopotentials41,42. A cano-
nical ensemble under Born–Oppenheimer MD was simulated with a time step of
2 fs to integrate the equations of motion using the algorithm of Nosé43–45, with a
Nosé mass equal to 40 time steps. The energy cut-off of the plane-wave basis set
was 240 eV and the tolerance for self-consistency for the electronic steps was set at
10−6 eV. The lattice constant of the 8-atom Au unit cell was found to be equal to
4.057 Å. The Brillouin zone was sampled using a Γ-centred 5 × 5 × 5 mesh for the
unit cell, scaled accordingly for the large-scale calculations.
Magic-number cuboctahedral nanoclusters, chosen on the basis that they have
been proven to be of the greatest abundance and lower energy amongst the three
magic-number structural isomers of nanoparticles46, that consisted of 561 atoms
were constructed for the simulations. After an initial structural relaxation to obtain
the ground-state conﬁguration for the nanoclusters at T= 0 K, separate NVT
simulations of the temporal behaviour were performed at temperatures from 300 to
1200 K at 150 K intervals. The total duration of each simulation was 2.4 ps. The
optimized width of the vacuum surrounding the nanoclusters was equal to 14 Å in
all directions, which ensured that there was no interaction between the nanocluster
and its nearest image and took into account the thermal expansion identiﬁed
during the simulations.
The simulation approach we followed in this work was based on two sets of
DFT-MD simulations. In one set all the atoms of the nanocluster were free to move
(free clusters). In the other the atoms of one (100) facet of the nanocluster,
consisting of 36 atoms for the 561-atom nanocluster, were ﬁxed in place during
the simulations to capture the effect of the surface on the melting of the clusters. A
Common Neighbour Analysis (CNA)47 using a ﬁxed cut-off radius equal to
3.4629 Å was performed with the OVITO software48 in order to extract the degree
of crystallinity of the nanocluster as a qualitative measure of the melting process.
Statistical averages were collected over the last 600 steps of the simulations. It
should be noted that the atoms belonging to the outer layer of the nanocluster, i.e.
252 atoms for the 561-atom nanocluster, were always recognized as non-crystalline
by the CNA. In order to assess the surface melting in a better way, the atom
selection was expanded to include the atoms recognised to be in an fcc crystalline
arrangement by the CNA algorithm and each of their 12 nearest neighbours (each
atom was counted only once). In this way the initial count was equal to 561. Thus,
the modiﬁed CNA approach was used to extract the surface melting temperatures,
whereas the CNA approach was used to extract the cluster core-melting
temperatures. We adopt the criterion that surface melting occurs when the count of
the atoms obtained by the modiﬁed CNA approach is <309, i.e. one atomic layer is
melted, while for cluster core melting we adopt the criterion that the count of
atoms obtained by the CNA approach is lower than 13.
Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.
Data availability
The datasets generated during and/or analysed during the current study are available in
the Zenodo repository, https://doi.org/10.5281/zenodo.2649945. Supplementary
Information is available in the online version of the paper.
Received: 27 April 2018 Accepted: 19 May 2019
References
1. Corma, A. & Garcia, H. Supported gold nanoparticles as catalysts for organic
reactions. Chem. Soc. Rev. 37, 2096–2126 (2008).
2. Schmidt, M., Kusche, R., von Issendorff, B. & Haberland, H. Irregular
variations in the melting point of size-selected atomic clusters. Nature 393,
238–240 (1998).
3. Pawlow, P. The dependency of the melting point on the surface energy of a
solid body. Z. Phys. Chem. 65, 545–548 (1909).
4. Takagi, M. Electron-diffraction study of liquid-solid transition of thin metal
ﬁlms. J. Phys. Soc. Jpn. 9, 359–363 (1954).
5. Shvartsburg, A. & Jarrold, M. Solid clusters above the bulk melting point.
Phys. Rev. Lett. 85, 2530–2532 (2000).
6. Breaux, G. A., Benirschke, R. C., Sugai, T., Kinnear, B. S. & Jarrold, M. F. Hot
and solid gallium clusters: too small to melt. Phys. Rev. Lett. 91, 215508
(2003).
7. Buffat, Ph & Borel, J. P. Size effect on the melting temperature of gold
particles. Phys. Rev. A 13, 2287–2298 (1976).
8. Sambles, J. R. An electron microscope study of evaporating gold particles: the
kelvin equation for liquid gold and the lowering of the melting point of solid
gold particles. P. Roy. Soc. A-Math. Phy 324, 339–351 (1971).
9. Lee, J. J., Tanaka, T. & Mori, H. In situ atomic-scale observation of melting
point suppression in nanometer-sized gold particles. Nanotechnology 20,
475706 (2009).
10. Turner, M. et al. Selective oxidation with dioxygen by gold nanoparticle
catalysts derived from 55-atom clusters. Nature 454, 981–983 (2008).
11. Shim, J., Lee, B. & Whan Cho, Y. Thermal stability of unsupported gold
nanoparticles: a molecular dynamics study. Surf. Sci. 512, 262–268 (2002).
12. Cleveland, C. L., Luedtke, W. D. & Landman, U. Melting of gold clusters. Phys.
Rev. B 60, 5065 (1999).
13. Lewis, L. J., Jensen, P. & Barrat, J. L. Melting, freezing, and coalescence of gold
nanoclusters. Phys. Rev. B 56, 2248–2257 (1997).
14. Ercolessi, F., Andreoni, W. & Tosatti, E. Melting of small gold particles:
mechanism and size effects. Phys. Rev. Lett. 66, 911–914 (1991).
15. Wang, N., Rokhlin, S. I. & Farson, D. F. Nonhomogeneous surface premelting
of Au nanoparticles. Nanotechnology 19, 415701 (2008).
16. Lim, H. S., Ong, C. K. & Ercolessi, F. Surface effects in vibrational and melting
properties of Pb clusters. Z. Phys. D. At. Mol. Cl. 26, 45–47 (1993).
17. Lee, Y. J., Lee, E. K., Kim, S. & Nieminen, R. Effect of potential energy
distribution on the melting of clusters. Phys. Rev. Lett. 86, 999–1002 (2001).
18. Calvo, F. & Spiegelman, F. On the premelting features in sodium clusters.
J. Chem. Phys. 120, 9684–9689 (2004).
19. Reiss, H. & Wilson, I. B. The effect of surface on melting point. J. Coll. Sci. 3,
551–561 (1948).
20. Hanszen, K. J. Theoretische untersuchungen über den schmelzpunkt kleiner
kügelchen. Z. Phys. 157, 523–553 (1960).
21. Curzon, A. E. Thesis, University of London (1960).
22. Couchman, P. R. & Jesser, W. A. Thermodynamic theory of size dependence
of melting temperature in metals. Nature 269, 481–483 (1977).
23. Young, N. P., van Huis, M. A., Zandbergen, H. W., Xu, H. & Kirkland, A. I.
Transformations of gold nanoparticles investigated using variable temperature
high-resolution transmission electron microscopy. Ultramicroscopy 110,
506–516 (2010).
24. Lereah, Y., Deutscher, G., Cheyssac, P. & Kofman, R. Direct observation of
low- dimensional effects on melting of small lead particles. Europhys. Lett. 14,
87–90 (1990).
25. Wang, Z. L., Petroski, J. M., Green, T. C. & El-Sayed, M. A. Shape
transformation and surface melting of cubic and tetrahedral platinum
nanocrystals. J. Phys. Chem. B 102, 6145–6151 (1998).
26. Losurdo, M., Suvorova, A., Rubanov, S., Hingerl, K. & Brown, A. S. Thermally
stable coexistence of liquid and solid phases in gallium nanoparticles. Nat.
Mater. 15, 995–1002 (2016).
27. Castro, T., Reifenberger, R., Choi, E. & Andres, R. P. Size-dependent melting
temperature of individual nanometer-sized metallic cluster. Phys. Rev. B 42,
8548–8556 (1990).
28. Marks, L. D. & Ajayan, P. M. Quasimelting and phases of small particles. Phys.
Rev. Lett. 60, 585–587 (1988).
29. Ajayan, M. P. & Marks, L. D. Experimental evidence for quasimelting in small
particles. Phys. Rev. Lett. 63, 279–282 (1989).
30. Kuo, C. & Clancy, P. Melting and freezing characteristics and structural
properties of supported and unsupported gold nanoclusters. J. Chem. Phys. B
109, 13743–13754 (2005).
31. Barnard, A. S., Young, N. P., Kirkland, A. I., Van Huis, M. A. & Xu, H.
Nanogold: a quantitative phase map. ACS Nano 3, 1431–1436 (2009).
32. Cleveland, C. L., Luedtke, W. D. & Landman, U. Melting of gold clusters:
icosahedral precursors. Phys. Rev. Lett. 81, 2036–2039 (1998).
33. Pratontep, S., Carroll, S. J., Xirouchaki, C., Streun, M. & Palmer, R. E. Size-
selected cluster beam source based on radio frequency magnetron plasma
sputtering and gas condensation. Rev. Sci. Instrum. 76, 045103 (2005).
34. von Issendorff, B. & Palmer, R. E. A new high transmission inﬁnite range mass
selector for cluster and nanoparticle beams. Rev. Sci. Instrum. 70, 4497 (1999).
35. Di Vece, M., Palomba, S. & Palmer, R. E. Pinning of size-selected gold and
nickel nanoclusters on graphite. Phys. Rev. B 72, 073407 (2005).
36. Young, N. et al. Weighing supported nanoparticles: size-selected clusters as
mass standards in nanometrology. Phys. Rev. Lett. 101, 246103 (2008).
37. Wang, Z. W. & Palmer, R. E. Determination of the ground-state atomic
structures of size-selected Au nanoclusters by electron-beam-induced
transformation. Phys. Rev. Lett. 108, 245502 (2012).
38. Kresse, G. & Furthmüller, J. Efﬁciency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Comp. Mater. Sci. 6,
15–50 (1996).
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10713-z ARTICLE
NATURE COMMUNICATIONS |         (2019) 10:2583 | https://doi.org/10.1038/s41467-019-10713-z | www.nature.com/naturecommunications 7
39. Kresse, G. & Furthmüller, J. Efﬁcient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Phys. Rev. B 54, 11169–11186
(1996).
40. Perdew, J. P. & Zunger, A. Self-interaction correction to density-functional
approximations for many-electron systems. Phys. Rev. B 23, 5048–5079
(1981).
41. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953–17979
(1994).
42. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758–1775 (1999).
43. Nosé, S. A uniﬁed formulation of the constant temperature molecular
dynamics methods. J. Chem. Phys. 81, 511 (1984).
44. Nosé, S. Constant temperature molecular dynamics methods. Prog. Theor.
Phys. Supp. 103, 1–46 (1991).
45. Bylander, D. M. & Kleinman, L. Energy ﬂuctuations induced by the Nosé
thermostat. Phys. Rev. B. 46, 13756 (1992).
46. Foster, D. M., Ferrando, R. & Palmer, R. E. Experimental determination of the
energy difference between competing isomers of deposited, size-selected gold
nanoclusters. Nat. Commun. 9, 1323 (2018).
47. Honeycutt, J. D. & Andersen, H. C. Molecular dynamics study of melting and
freezing of small Lennard-Jones clusters. J. Phys. Chem. 91, 4950–4963 (1987).
48. Stukowski, A. Visualization and analysis of atomistic simulation data with
OVITO—the Open Visualization Tool. Model. Simul. Mater. Sci. 18, 015012
(2010).
49. Chushak, Y. G. & Bartell, L. S. Melting and freezing of gold nanoclusters.
J. Phys. Chem. B 105, 11605–11614 (2001).
50. Guenther, G. & Guillon, O. Models of size-dependent nanoparticle melting
tested on gold. J. Mater. Sci. 49, 7915–7932 (2014).
Acknowledgements
This work was ﬁnancially supported by the Engineering and Physical Sciences Research
Council through fellowship EP/K006061/2 and by the European Union’s Horizon 2020
programme through the CritCat project under Grant Agreement No. 686053. D.M.F. is
grateful for ﬁnancial support from European Union’s Seventh Framework Programme
through the NanoMILE project under Grant Agreement No. 310451. T.P. received
ﬁnancial support from the European Union’s Horizon 2020 programme and the Welsh
Government through the Marie Skłodowska-Curie Actions Sêr Cymru II COFUND
fellowship No. 663830-SU165. The STEM instrument employed in this research was
obtained through the Birmingham Science City project “Creating and Characterising
Next Generation Advanced Materials”. This work was supported by computational time
granted from the Greek Research & Technology Network (GRNET) in the National HPC
facility - ARIS - under project ID pr006039 - NANO2D.
Author contributions
D.M.F. performed the experiments presented in the report. D.M.F. and T.P. conducted
the analysis of the experimental results. D.M.F. and R.E.P. designed and interpreted the
experiments. T.P. performed the simulations described in the work and analysed the
results. T.P., J.K. and R.E.P. designed and interpreted the simulations. All authors con-
tributed to the writing of the paper.
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-10713-z.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10713-z
8 NATURE COMMUNICATIONS |         (2019) 10:2583 | https://doi.org/10.1038/s41467-019-10713-z | www.nature.com/naturecommunications
